The involvement of the putative glutamate receptor 1.1 (AtGLR1.1) gene in the regulation of abscisic acid (ABA) biosynthesis and signaling was investigated in Arabidopsis. Seeds from AtGLR1.1-deficient (antiAtGLR1.1) lines had increased sensitivity to exogenous ABA with regard to the effect of the hormone on the inhibition of seed germination and root growth. Seed germination, which was inhibited by an animal ionotropic glutamate receptor antagonist, 6,7-dinitroquinoxaline-2,3-[1H,4H]-dione, was restored by coincubation with an inhibitor of ABA biosynthesis, fluridone. These results confirm that germination in antiAtGLR1.1 lines was inhibited by increased ABA. When antiAtGLR1.1 and WT seeds were co-incubated in fluridone and exogenous ABA, the antiAtGLR1.1 seeds were more sensitive to ABA. In addition, the antiAtGLR1.1 lines exhibited altered expression of ABA biosynthetic (ABA) and signaling (ABI) genes, when compared with WT. Combining the physiological and molecular results suggest that ABA biosynthesis and signaling in antiAtGLR1.1 lines are altered. ABA levels in leaves of antiAtGLR1.1 lines are higher than those in WT. In addition, the antiAtGLR1.1 lines had reduced stomatal apertures, and exhibited enhanced drought tolerance due to deceased water loss compared with WT lines. The results from these experiments imply that ABA biosynthesis and signaling can be regulated through AtGLR1.1 to trigger pre-and post-germination arrest and changes in whole plant responses to water stress. Combined with our earlier results, these findings suggest that AtGLR1.1 integrates and regulates the different aspects of C, N and water balance that are required for normal plant growth and development.
Introduction
Abscisic acid (ABA) is a plant hormone involved in the control of a wide range of physiological processes, primarily seed germination and development. ABA is also associated with plant responses to environmental stresses such as drought, cold and salinity Creelman 1988, Koornneef and Karssen 1994) . The most extensively studied ABA responses are those that regulate seed maturation, seed germination and stomatal closure (Schroeder et al. 2001 . Progression through embryonic development and the transition to germination is correlated with an increase in seed ABA content . The coordination of these events in the developing embryo blocks cell division and initiates accumulation of storage reserves that are used later by the germinating seedling .
Seed germination is regulated by many intrinsic signals (Koornneef et al. 2002) . For instance, it is known that ABA inhibits seed germination, whereas gibberellin and ethylene antagonize this effect (Ritchie and Gilroy 1998 , Lovegrove and Hooley 2000 , Rolland et al. 2002 . In addition, amino acid catabolism during the early stages of germination plays an important role in controlling development (Below et al. 2000) and may be controlled by ABA (Garciarrubio et al. 1997) . Metabolites, such as carbon (C), can also interfere with seed germination by increasing ABA levels during early development (Arenas-Huertero et al. 2000) . High concentrations of exogenous sugars (>300 mM) inhibit WT seedling development as evidenced by the failure to develop green, extended cotyledons, or true leaves (Gibson 2000) . The ability of sugars to interfere with seed germination has been used to identify mutations, such as sugar insensitive (sis; Laby et al. 2000) and Glc insensitive (gin; Zhou et al. 1998) , which exhibit reduced sensitivity to high concentrations of these sugars. Analyses of sis or gin mutants have shown that these mutants share components of the ABA biosynthetic and sugar signaling pathways, as evidenced by the identification of allelic loci in ABA-deficient (aba) and ABA-insensitive (abi) mutants (Rolland et al. 2002) . For example, it has been shown that the sis5 (Laby et al. 2000) and gin6 (Arenas-Huertero et al. 2000) mutants are allelic to abi4, while the sis4 (Laby et al. 2000) and gin1 (Rook et al. 2001) mutants are allelic to aba2.
Similar to C sensing in germinating seeds, ABA also appears to interact with nitrogen (N) signaling in the control of stomatal opening. Recent work has established that nitric oxide (NO) is a key regulator of stomatal closure (Mata and Lamattina 2001) . Nitrate reductase (NR) and nitric oxide synthase (AtNOS1)-mediated NO synthesis in guard cells are required for ABA-induced closure (Desikan et al. 2002 , Guo et al. 2003a ). In addition, in pepper (Capsicum annuum L.) , N deprivation in xylem sap can cause stomatal closure (Dodd et al. 2003) . Interestingly, the nitrate transporter, AtNRT1.1 (CHL1), is expressed in Arabidopsis guard cells and it functions in stomatal opening. Analysis of chl1 mutants indicates that the mutation does not affect ABA-induced stomatal closure; thus ABA sensing in the guard cells of chl1 lines appears normal (Guo et al. 2003b ). However, ABA titers and the expression of ABA biosynthetic genes (ABA) were not measured in chl1 lines, therefore it is still possible that ABA biosynthesis is activated in the chl1 lines, which results in stomatal closure.
Much progress has been made recently in revealing 'crosstalk' between C and ABA signaling pathways, and several novel signaling components have been identified Gibson 2001, Hetherington 2001 ). In addition, we have demonstrated that the putative plant glutamate receptor 1.1 gene in Arabidopsis (AtGLR1.1) functions as a regulator of C/N metabolism and a key step in ABA biosynthesis (Kang and Turano 2003) . In addition, we demonstrated that AtGLR1.1-deficient Arabidopsis lines (antiAtGLR1.1) had a conditional germination phenotype that was sensitive to different C:N ratios or the iGLR antagonist 6,7-dinitroquinoxaline-2,3-[1H,4H]-dione (DNQX), and exhibited increased ABA concentrations during early development. Thus, we investigated further the interaction between AtGLR1.1 and ABA signaling by combining physiological and molecular approaches. Here, we show that antiAtGLR1.1 lines overproduce ABA and are hypersensitive to ABA, which affects several physiological processes such as seed germination, root length, stomatal opening, water loss and drought tolerance. Furthermore, we analyzed the expression patterns of the ABA and ABA signaling (ABI) genes and show that altered accumulation of the ABA and ABI transcripts in antiAtGLR1.1 lines is consistent with the ABArelated phenotypes. Our results provide strong evidence that AtGLR1.1 functions as a molecular and biochemical link between C/N status and metabolism, ABA metabolism and sensitivity, and response to water stress in Arabidopsis.
Results

AntiAtGLR1.1 response to ABA
Earlier, we demonstrated that 3-day-old antiAtGLR1.1 lines contained eight times more endogenous ABA than did wild-type (WT) lines grown on Murashige and Skoog (MS) media supplemented with 3% sucrose and DNQX (Kang and Turano 2003) . Since ABA is considered a key regulator in seed germination and root growth , Kang et al. 2002 , ABA sensitivity was compared in two transgenic (antiAtGLR1.1-1 and antiAtGLR1.1-2) and WT lines on media containing a range of ABA concentrations using two semiquantitative bioassays. First, to test the effects of ABA on germination, WT and antiAtGLR1.1 seeds were germinated on plates containing 0-6 µM ABA. Second, to test post-germination development, WT and antiAtGLR1.1 seeds were germinated on ABA-free media for 4 d, and then the seedlings were transferred to media supplemented with different concentrations (0-10 µM) of ABA.
When the exogenous ABA concentration was 4.0 µM, antiAtGLR1.1 seeds germinated but exhibited mild growth retardation when compared with WT seedlings (Fig. 1A) . Without ABA, antiAtGLR1.1 seedlings developed similarly to WT (Fig. 1A) . When the exogenous ABA concentration was 2.0 µM or greater the germination of antiAtGLR1.1 lines was significantly decreased when compared with WT (Fig. 1B) . For example, the germination of antiAtGLR1.1 was decreased to 40% (antiAtGLR1.1-1) and 30% (antiAtGLR1.1-2) in the presence of 4.0 µM ABA. However, approximately 80% of the WT seeds germinated under the same conditions. Likewise, root growth of the antiAtGLR1.1 lines was also hypersensitive to exogenous ABA (Fig. 1C ). There were no differences between the root length of antiAtGLR1.1 and WT lines on MS plates minus ABA (Fig. 1D) . However, at 0.5 µM ABA, WT root growth was 72% of the control (MS minus ABA), whereas that of antiAtGLR1.1 plants was 58% and 51%, respectively. When plates were supplemented with 5 µM ABA, the root growth of antiAtGLR1.1 was 22% of that of the control. At the same ABA concentration, WT plants grew at 33% of the 0 µM ABA control. The implication of these findings is that ABA signaling is regulated through AtGLR1.1 to trigger the inhibition of germination and post-germination root development.
ABA biosynthesis and sensitivity
Previously, we demonstrated that ABA titers were increased in 3-day-old antiAtGLR1.1 lines treated with the iGLR antagonist DNQX, which inhibits seed germination (Kang and Turano 2003) . We hypothesized that the inhibition of antiAtGLR1.1 seed germination was due to elevated endogenous ABA. To test this hypothesis, we treated WT and antiAtGLR1.1 lines with fluridone, an inhibitor of carotenoid and ABA biosynthesis (Gamble and Mullet 1986) , and DNQX. Here we demonstrate the ability of 100 µM fluridone to reverse the DNQX effect on MS media containing 200 µM DNQX. This fluridone concentration had been shown previously to be effective in reducing the endogenous ABA pool in Phaseolus vulgaris L. (Moreno-Fonseca and Covarrubias 2001) and Arabidopsis (Ullah et al. 2002) .
As shown previously (Kang and Turano 2003) , the germination of seeds from antiAtGLR1.1 lines was inhibited on MS medium supplemented with 3% sucrose and 200 µM DNQX ( Fig. 2A) . However, the DNQX-mediated inhibition of seed germination and development of antiAtGLR1.1 seedlings was restored by simultaneous incubation with 100 µM fluridone ( Fig. 2A) . At 50 µM fluridone, the DNQX-mediated inhibition of seed germination was restored to approximately 80% (data not shown). These results strongly suggest that decreased seed germination of antiAtGLR1.1 lines by DNQX was due to elevated endogenous ABA titers, which is consistent with our earlier observations, which showed a 160% increase in endogenous ABA concentrations in the presence of 200 µM DNQX when compared with that of the untreated antiAtGLR1.1 controls (Kang and Turano 2003) .
To assess ABA sensitivity of the antiAtGRL1.1 lines, we examined the effect of increasing concentrations of exogenous ABA in the presence of fluridone (Fig. 2B) . WT and antiAtGLR1.1 seeds were grown on media containing 100 µM fluridone and different ABA concentrations (0-9 µM) in the presence of 3% sucrose. At 3 µM, ABA did not significantly decrease germination of antiAtGLR1.1 or WT seeds. However, at 9 µM ABA, the germination of antiAtGLR1.1 seeds decreased to approximately 25%, whereas at the same ABA concentration nearly 90% of the WT seeds germinated. Since these experiments were conducted in the presence of fluridone, an inhibitor of endogenous ABA, these findings suggest that the antiAtGLR1.1 lines are hypersensitive to exogenous ABA due to alterations in ABA sensing.
Expression of ABA-related genes in antiAtGLR1.1 lines
The antiAtGLR1.1 lines exhibit ABA hypersensitivity, or ABA-associated phenotypes, suggesting that AtGLR1.1 enhances various aspects of the ABA response. Moreover, we demonstrated previously that the transcript for ABA1 was more abundant in antiAtGLR1.1 plants as compared with WT (Kang and Turano 2003) . ABA1 encodes a zeaxanthin epoxidase that controls an early step of ABA biosynthesis by converting zeaxanthin to violaxanthin (Rock and Zeevaart 1991) . Thus, to understand the transcriptional regulation of ABA biosynthesis and sensing in antiAtGLR1.1 lines, we analyzed the expression patterns of ABA and ABI genes by RT-PCR. The transcript levels of ABA biosynthetic genes, such as ABA2 and ABA3, were enhanced in antiAtGLR1.1-1 and antiAtGLR1.1-2 lines when compared with WT ( Fig. 3) . ABA2 encodes a short-chain dehydrogenase/reductase (SDR1), which is involved in the second to last step of ABA biosynthesis (Cheng et al. 2002) . ABA3, which encodes a putative molybdenum cofactor sulfurase, is a key regulator of ABA biosynthesis (Bittner et al. 2001 , Xiong et al. 2001 . Interestingly, the transcripts for ABI1 and ABI2, which encode homologous class 2C protein serine/threonine phosphatases (PP2Cs; Leung et al. 1997) were decreased in antiAtGLR1.1 lines. However, ABI4 and ABI5, which encode transcription factors of the AP2 domain and the basic leucine zipper (bZIP) families, respectively (Finkelstein et al. 1998 , Lopez-Molina et al. 2001 , were increased in antiAtGLR1.1 lines compared with WT. We also looked at the expression of the ABA-and stress-inducible alcohol dehydrogenase (ADH) (de Bruxelles et al. 1996) and rab18 (Lang and Palva 1992) genes. The ADH and rab18 transcripts increased approximately 40% in the antiAtGLR1.1 lines when compared with levels in WT.
Stomatal opening
Another well-documented ABA-regulated process is stomatal closure, which minimizes water loss through gas exchange into and out of leaves (Leung and Giraudat 1998) . Some ABA signaling mutants, such as abi1 and abi2, exhibit impaired stomatal closure in vegetative tissue Giraudat 1998, Schroeder et al. 2001) . Therefore, we examined the role of AtGLR1.1 in controlling stomatal aperture in Arabidopsis leaves. Epidermal peels were prepared from leaves of WT and antiAtGLR1.1 plants, and stomatal apertures between the guard cells were observed during the early morning (Fig. 4A) . Under normal growth conditions, the stomatal apertures of WT plants were found to be approximately 3.5 times wider than those in antiAtGLR1.1 lines (Fig. 4B) .
To confirm that the elevated accumulation of the ABA1 (Kang and Turano 2003) ABA2 and ABA3 (Fig. 3) transcripts in the antiAtGLR1.1 lines affected ABA biosynthesis, we measured endogenous ABA concentrations in 30-day-old WT and antiAtGLR1.1 plants (Fig. 4C) . The antiAtGLR1.1 lines contained 30% more ABA when compared with WT (WT, 0.203±0.007; antiAtGLR1.1 0.263±0.015, n=3). Combined, these findings suggest that AtGLR1.1 modulates both the ABA biosynthesis and signaling genes and responses.
Drought tolerance and water loss of antiAtGLR1.1 lines
Since antiAtGLR1.1 lines exhibited increased stomatal closure in epidermal strips, we investigated whether this phenomenon also affected water loss in whole transgenic plants. Both WT and antiAtGLR1.1 plants were grown and irrigated for 21 d, and then subjected to drought stress by terminating irrigation as described in Pei et al. (1998) and Vartanian et al. (1994) . To minimize soil evaporation, the soil surface in the pots was covered. After 16 d of drought treatment, WT plants had withered severely and showed complete chlorosis of rosette leaves. However, leaves of antiAtGLR1.1 plants remained green and turgid (Fig. 5A ). Water loss from pots containing antiAtGLR1.1 versus WT plants was decreased (Fig. 5B ) which is consistent with the observed phenotypes. For example, measurements of changes in soil water content after 10 d of drought stress showed that water loss, due to transpiration, was approximately 21% lower in pots that contained antiAtGLR1.1 plants than in pots containing WT.
Discussion
In this study, we demonstrate that Arabidopsis lacking AtGLR1.1 are sensitive to elevated exogenous ABA with regard to inhibition of seed germination and root growth (Fig.  1) . Although endogenous ABA is essential for the induction of dormancy, the germination of WT Arabidopsis seeds can be suppressed by exogenous (3 µM) ABA . However, the germination of mature antiAtGLR1.1 seeds was blocked by as little as 1 µM ABA. These results are consistent with the observation that antiAtGLR1.1 lines have increased endogenous ABA levels during early seedling development (Kang and Turano 2003) . Furthermore, this hypothesis is consistent with the ability of fluridone to reverse the inhibitory effects of ABA on seed germination (Fig. 2) , which indicates that part of the DNQX-mediated inhibition of germination is due to the accumulation of endogenous ABA. However, this interpretation is confounded by the fact that the antiAtGLR1.1 lines have increased sensitivity to exogenous ABA in the presence of fluridone. Combined, these data suggest that ABA-mediated inhibition of seed germination or postgermination growth is regulated by the relative accumulation, or activity, of AtGLR1.1, which results in increased ABA biosynthesis and sensitivity. The physiological results during early development are consistent with the molecular results that were observed in 30-day-old plants, where the accumulation of ABA transcripts was increased and the expression of the ABI genes was consistent with plants with increased ABA sensitivity ( Fig. 3 ; Kang and Turano 2003) . Arenas-Huertero et al. (2000) concluded that the inhibitory effect of high Glc on germination and seedling development was mediated by increases in ABA levels during early development. Previously, endogenous ABA concentrations were determined in 3-day-old WT and antiAtGLR1.1 seedlings incubated in liquid culture containing MS medium with 3% Suc and 200 µM DNQX. The antiAtGLR1.1 lines contained eight times more ABA than did WT (Kang and Turano 2003) . The observation that 3-day-old antiAtGLR1.1 plants incubated in MS medium with 3% Suc contained much higher ABA than 30-day-old plant grown on soil may be explained by the fact that 3% Suc contributes to an increase in ABA levels during early antiAtGLR1.1 seedling development. Many independently isolated sugar-or Glc-insensitive mutants are allelic to aba or abi mutants , Rolland et al. 2002 . Of the ABA genes tested here, the expression of ABA2 and ABA3 showed a marked difference in their accumulation between WT and antiAtGLR1.1 lines. In addition, we have preliminary results from genome-wide microarray analysis (data not shown) that show an increase in another ABA biosynthetic gene, AAO3 (Seo et al. 2000) , in the antiAtGLR1.1 lines. We cannot definitively state whether the increased levels of the ABA biosynthetic transcripts in antiAtGLR1.1 lines are due to increased gene expression or a decrease in transcript turnover during or after germination. Cheng et al. (2002) observed that ABA1, ABA2 and ABA3 transcripts were induced in seedlings after treatment in 2% or 6% Glc, suggesting that high levels of sugar are required to activate ABA genes (Cheng et al. 2002) . We observed that the germination of antiAtGLR1.1 seeds was inhibited on MS plates minus inorganic N in the presence of 25 mM Suc but germination was restored with co-incubation of 5 mM NO 3 -, suggesting that AtGLR1.1 is associated with sugar or nitrogen sensing (Kang and Turano 2003) . Interestingly, germination of antiAtGLR1.1 seeds had a similar response to higher Glc (100 mM) under the same conditions (unpublished data), so it appears that an alternative explanation is that antiAtGLR1.1 plants may accumulate unusually high concentrations of endogenous sugars or have increased sensitivity to different sugars, which could stimulate ABA accumulation by activating ABA biosynthesis genes or alter the expression of the ABI genes. This hypothesis awaits further investigation.
We found that the transcripts for ABI1 and ABI2 were less abundant in antiAtGLR1.1 lines compared with WT. Null mutations in the PP2Cs, encoded by ABI1 and ABI2, display ABA hypersensitivity (Merlot et al. 2001) . Conversely, constitutive overexpression of ABI1 in maize mesophyll protoplasts inhibits ABA action (Sheen 1998) , suggesting that PP2Cs are involved in the negative regulation of ABA signaling. This finding implies that a reduction in PPC activity can increase ABA sensitivity, which is consistent with our evidence that the reduced accumulation of the AtGLR1.1 peptide may result in ABA hypersensitivity.
The reason for the decreased levels of the ABI1 and ABI2 transcripts may be elevated ABA. The effects of ABA on ABI1 expression are mixed. Hoth et al. (2002) demonstrated that ABA increases the ABI1 and ABI2 transcripts in WT. However, ABI2 is not ABA inducible in the abi1 lines, suggesting that decreased ABI1 activity, such as in the antiAtGLR1.1 lines, will have low ABI2. ABA has also been shown to decrease the ABI1 transcript when compared with controls (Lu et al. 2002) ; the change in ABI1 expression was not described in the text so it is unclear whether this result is significant. Furthermore, ABA has been shown to either slightly decrease or have no effect on the accumulation of the ABI1 transcript (Price et al. 2003) . So in appears that the regulation of ABI1, and ABI2, by ABA has not been clearly defined, perhaps some of the variability in the results is associated with the different developmental stages of the tissues, tissue type, the distinct experimental conditions used in each study and/or the relative levels of each ABI gene. It is also possible that alteration of ABI1 gene expression in the antiAtGLR1.1 lines might be independent of the increase in ABA content.
The ABI4 and ABI5 genes have been shown to encode putative transcription factors of the AP2 and bZIP domain factor classes, respectively (Finkelstein et al. 1998, Finkelstein and . The overexpression of ABI5 in Arabidopsis resulted in ABA-induced (3 µM ABA) reduction in growth and hypersensitivity to sugars in the inhibition of seedling growth, whereas overexpression of ABI4 blocked growth under the same conditions (Brocard et al. 2002) . The increased ABI5 transcript levels in antiAtGLR 1.1 lines may be explained by the fact that the increased endogenous ABA levels induce ABI5 expression and result in inhibition of seed germination and development (Fig. 1) . This result is consistent with the published molecular observations that ABA transiently increases the accumulation of the ABI5 transcript (Lu et al. 2002 , Arroyo et al. 2003 ) and ABI5 peptide (Lu et al. 2002) in WT young (2-to 10-day-old) seedlings and in roots, where Brocard et al. (2002) showed that ABA treatments resulted in very strong expression of ABI5 in roots, as well as our work here showing that fluridone restored DNQX-mediated inhibition of seed germination. The molecular results, mentioned above, are contradicted by the results of Soderman et al. (2000) , which show that ABI4 and ABI5 transcripts do not accumulate in 15-day-old WT seedlings after exposure to ABA treatment. However, in the same paper it was shown that ABI5 is ABA inducible when either ABI3 or ABI4 expression is increased. Since ABI4 is elevated in antiAtGLR1.1 lines it is plausible that ABI5 is ABA inducible in these lines. In addition, elevated ABI5 levels positively affects ABA induction of ABI5 (Brocard et al. 2002) and ABI5 has been proposed to function as a positive autoregulator (Soderman et al. 2000) . ABA also transiently increases the accumulation of ABI4 transcripts in 3-day-old WT seedlings (Arroyo et al. 2003 , Price et al. 2003 , but like results of the accumulation of ABI5, described above, other studies contradict that finding; ABI4 did not accumulate in vegetative tissue of 15-day-old plants (Soderman et al. 2000) after ABA treatment. But the ABI4 transcript accumulates in the abi2-1 mutant (Soderman et al. 2000) , suggesting that decreased AB±2 activity results in elevated ABI4. The ABI2 transcript is lower in antiAtGLR1.1 lines, thus it is plausible that ABI4 could be elevated in antiAtGLR1.1 lines. It should be noted that the ABI3 transcript did not accumulate in antiAtGLR1.1 lines, a finding confirmed by 10 sets of experiments utilizing either RT-PCR or genome-wide microarray experiments (data not shown). As described by Soderman et al. (2000) , it appears that a role of the ABI genes in the control of the ABA response is a complex regulatory network.
Although it appears that ABA can modulate the expression of the ABI genes it is possible that other factors such as sugar can affect the expression of these genes, since the ABI4 and ABI5 (Cheng et al. 2002 , Arroyo et al. 2003 , but not the ABI1 and ABI2 (Cheng et al. 2002) , genes are Glc inducible. It is possible that the induction of ABI4 and ABI5 in the antiAtGLR1.1 lines might be due to high cellular sugar levels or due to the perception of high sugar levels in the plant. This alternative hypothesis may also partially explain the increased sucrose-or Glc-sensitivity that we observe in the antiAtGLR 1.1 lines, but this hypothesis does not explain the significant decrease in the ABI1 and ABI2 transcripts in antiAtGLR1.1 lines. It is plausible that a combination of regulatory factors, as proposed by Soderman et al. (2000) , such as elevated ABA and sugar gives raise to a distinct set of ABI responses but the potential role of elevated sugars in the antiAtGLR1.1 lines is speculative and remains to be tested in the future.
Stomatal closure is an ABA-controlled process for coping with water-deficit stress. Our data indicate that AtGLR1.1 plays a major role in the control of stomatal closure in guard cells. The stomatal openings of antiAtGLR1.1 lines were smaller than those of WT plants (Fig. 4) . In this study, we demonstrated that ABA transcripts increased in 30-day-old plants and we measured ABA levels in 30-day-old WT and antiAtGLR1.1 plants grown in soil. The antiAtGLR1.1 lines contained 30% more ABA when compared with WT. How a relatively small increase in ABA concentration results in a dramatic physiological change remains unclear; one possible explanation is that concentrations of ABA are very high in distinct cells or tissues in the leaf that may affect stomatal closure, i.e. guard cells. Regardless of this apparent discrepancy, the data are consistent, thus we conclude that the reduced stomatal opening is the result of increased endogenous ABA levels in antiAtGLR1.1 lines. In addition, we observed earlier that the transcript for the nitrate transporter CHL1 was less abundant (30% decrease) in antiAtGLR1.1 plants compared with WT. Guo et al. (2003b) demonstrated that CHL1 was expressed and functions in guard cells, and chl1 mutants had reduced stomatal opening. Thus the smaller stomatal apertures in antiAt-GLR 1.1 lines may also be due to a decrease in the CHL1 transcript, in addition to increased ABA concentrations.
The abi1-1 and abi2-1 (Koornneef et al. 1984 ) mutants exhibited impaired ABA-induced stomatal closure and wilty phenotypes (Schroeder et al. 2001) . Thus the stomata of abi1-1 and abi2-1 do not close in response to exogenous ABA or drought stress (Pei et al. 1997 ). The abi1-1 and abi2-1 mutants have decreased but detectable amounts of phosphatase activity when compared with WT. However intragenic revertants of the abi1 mutant lack detectable in vitro phosphatase activity and interestingly this appears to result in reduced stomatal apertures, 15-20% smaller than in WT (Gosti et al. 1999 ). This finding implies that a large or significant reduction in protein phosphatase activity can lead to stomatal closure. In antiAtGLR1.1 lines, the transcripts of ABI1 and ABI2 were significantly decreased to approximately 50% and 60% of the levels observed in WT. Thus, it is possible that the reduction in the ABI1 and ABI2 transcripts assists in triggering stomatal closure in antiAtGLR1.1 leaves as well.
Soil water content from pots containing antiAtGLR1.1 plants decreased more slowly during drought treatment than those of WT plants (Fig. 5B) . The antiAtGLR1.1 plants also withstood drought stress better than WT (Fig. 5A) , suggesting that antiAtGLR1.1 plants have increased tolerance to drought due to decreased water loss. These results are consistent with the observed increased stomatal closure in antiAtGLR1.1 lines. It is possible that a decrease in the CHL1 transcript and/or reduced transcripts for ABI1 and ABI2 assist in triggering the drought adaptive response; because chl1 mutants also displayed drought tolerance and resulted in higher water content (Guo et al. 2003b ) and intragenic relevants of abi1 grown in a microphytotron displayed enhanced drought tolerance when compared with WT (Gosti et al. 1999) . In addition, the accumulation of the ADH and rab18 transcripts is higher in antiAtGLR1.1 lines, suggesting that induction of ABA-and stress-inducible genes may be required for, or associated with, drought tolerance in these lines.
To understand the multiple ABA perception and signaling mechanisms, extensive genetic studies have been performed, and many likely signal intermediates or components have been identified (Leung et al. 1997 . Despite these efforts toward elucidating a clear and linear understanding of ABA signaling, the molecular mechanisms underlying ABA signaling and the resulting physiological responses remain complicated and are best described as a combinatorial network for the control of seed , Rolland et al. 2002 . Recently, ABI4, ABI5 and ABA have been shown to play important roles in physiological responses in vegetative tissue such as mediating the inhibitory effects of NO 3 -on root development, possibly through changes in sensing the C/N balance (Signora et al. 2001) . The link between C/N metabolism and ABA biosynthesis is further supported by our previous observation that genes in these pathways are altered in antiAtGLR1.1 lines (Kang and Turano 2003) . The results from this investigation strongly suggest that AtGLR1.1 is involved in the control and/or regulation of ABA biosynthesis, ABA signaling and distinct physiological events (Fig. 6) . Taken together, the results from all these investigations raise the exciting possibility that the AtGLR1.1-mediated regulation of C/N metabolism is of fundamental importance for ABA signaling, which may represent the link between C/N status and the regulation of developmental events and/or plant responses to certain environmental cues (Rabe 1990 , Bohnert and Sheveleva 1998 , Rolland et al. 2002 .
Materials and methods
Plant materials and growth conditions
Arabidopsis thaliana ecotype Wassilewskija was maintained at 20-21°C, with 60-70% relative humidity, under cool white fluorescent light (140 µmol of protons m -2 s -1 ) with a 16-h light/8-h dark cycle. Seeds from antiAtGLR1.1 transgenic lines (Kang and Turano 2003) were used, and their phenotypes were confirmed before use. Plants were grown on MS media supplemented with ABA, fluridone or DNQX and 0.8% (w/v) phytagar. For root growth measurements, plants were germinated and grown in the vertical position. For all other experiments, plants were maintained in the horizontal position.
Growth assays
Stock solutions (100 µM) of fluridone (Chem Service, West Chester, PA, U.S.A.) were freshly prepared for each experiment. Details of fluridone preparation are described in Ullah et al. (2002) . The volume of dissolved fluridone was brought to 500 ml with deionized water. Fluridone was added from the stock solution to the MS medium to reach the indicated final concentration. For most experiments with fluridone, seeds from different Arabidopsis lines were treated with 50% household bleach for 5 min, washed three times with sterile water, plated on MS media and incubated in the dark at 4°C for 48 h. ABA (Sigma) was added to the MS media supplemented with 3% sucrose. To examine ABA sensitivity, WT and mutant seeds were incubated in the dark at 4°C for 24 h and grown as described previously (Kang and Turano 2003) . The germination rate was determined 12 d after incubation.
Water loss and drought tolerance measurements
The drought experiments and estimates of water loss through transpiration were conducted as described by Vartanian et al. (1994) and Pei et al. (1998) . Briefly, both WT and antiAtGRL1.1 plants were germinated in individual pots and irrigated for 21 d and then drought stressed by terminating irrigation. Estimates of water loss due to transpiration in WT and antiAtGLR1.1 plants were conducted on plants from the same developmental stage based on the initiation of drought stress (day 0). The soil surface of each pot was covered with plastic to minimize the loss of water through soil evaporation.
Measurement of ABA contents
ABA content was measured in 30-day-old plants. ABA extraction and determination was performed as described previously (Kang and Turano 2003) .
Stomatal aperture measurement
Stomatal aperture was determined from leaves of 25-to 30-dayold WT or antiAtGLR1.1 plants. Leaves were collected in the early morning. The adaxial face of each leaf was affixed to a strip of transparent tape and epidermal strips were peeled off from the adaxial leaf surface. The strips were then placed directly, adhesive-side down, onto microscope slides and guard cells were viewed at 40× or 100× magnification with a Lieca DC 200 Leica Microsystem microscope. Photographs were taken using a Sony Mavica MVC-FD91 digital camera and stomatal apertures were individually measured using digital software (Grab it, Raleigh, NC, U.S.A.).
RNA isolation and RT-PCR analysis
Total RNA was extracted from leaves of 30-day-old plants with the RNeasy Plant Mini Kit (Qiagen Inc., Valencia, CA, U.S.A.). To determine the integrity of the RNA and to ensure that equal amounts of RNA were added to each reaction, 1 µg of RNA from each sample was separated via gel electrophoresis in formaldehyde-formamide gels as described by Turano et al. (2002) . Total RNA (1 µg) served as the template for RT-PCR using the RT-PCR beads System (Amersham Bioscience Corp., Piscataway, NJ, U.S.A.) with 25 pmol of each transcript specific primer. All primers were commercially synthesized (Bio-Synthesis, Inc., Lewsiville, TX, U.S.A.). The RT-PCR was conducted as follows: 42°C for 15 min, 95°C for 5 min, followed by 25 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 2 min and a 72°C extension reaction for 2 min. Results were confirmed as described previously by Kang and Turano (2003) . The primers used and corresponding accession numbers were as follows: TUB4 (Acc. No. M21415), 5′TUB4 5′-TTGCTGTCTTCGTTTCCCTGG-3′, 3′TUB4 5′-GAGGG-TGCCATTGACAACATC-3′; ABA2 (Acc. No. AY082345), 5′ABA2 5′-AGCTTGGACAGCACGGGATACGTG-3′, 3′ABA2 5′-TTGGCGG-ACAATAAACATTAAACA-3′; ABA3 (Acc. No. AF325457), 5′ABA3 5′-TGGAGGTGAACCATACGGGGAAGA-3′, 3′ABA3 5′-TAGTAGA-CGATAATACACACAAGC-3′; ABI1 (Acc. No. ATMRABI1), 5′ABI1 5′-GATATCTCCGCCGGAGATGAGATC-3′, 3′ABI1 5′-CATTCCAC-TGAATCACTTTCCCTC-3′; ABI2 (Acc. No. ATABI2RNA), 5′ABI2 5′-GTTCTTGTTCTGGCGACGGAGC-3′, 3′ABI2 5′-CCATTAGTGA-CTCGACCATCAAG-3′; ABI4 (Acc. No. AF040959), 5′ABI4 5′-GGATTTTATTGATCCCATCTTGGG-3′, 3′ABI4 5′-CCACCATCTC-CTCCGATTCTCTTC-3′, ABI5 (Acc. No. AF334206) 5′ABI5 5′- Fig. 6 Proposed role of AtGLR1.1 in the regulation of ABA biosynthesis and sensing, and the physiological consequences of those events. AtGLR1.1 is negatively affected (Inhibitory) by Suc and positively affected (Stimulatory) by N (Kang and Turano 2003) . Negative signals (-), either by antisense, Suc or DNQX, which result in decreased accumulation of the HXK1 transcript, elevated ABA titers in developing seedlings and leaves of mature Arabidopsis, increased accumulation of transcripts associated with ABA biosynthesis (ABA1, ABA2, ABA3 and AAO3) and altered levels of the transcripts associated with ABA sensing (ABI1, ABI2, ABI4 and ABI5). Combined, these events result in physiological changes such as inhibition of seed germination, primary root length and stomatal opening. The latter results in decreased water loss. N, in the form of amino acids, specifically Glu or Gln, positively (+) affects AtGLR1.1 (oval) and restores seed germination even in the presence of Suc or DNQX (Kang and Turano 2003) . Large straight solid arrows indicate activation, and solid truncated lines indicate inactivation of genes or processes. Thick dashed lines represent multiple-step processes. Thin dotted lines represent potential signals or pathways that may be mediated through AtGLR1.1. Small arrows before the gene names indicate increased (up) or decreased (down) transcript accumulation.
